HIV-1 integrase is essential for viral replication and can be inhibited by antiviral nucleotides. Photoaffinity labeling with the 3-azido-3-deoxythymidine (AZT) analog 3,5-diazido-2,3-dideoxyuridine 5-monophosphate (5N 3 -AZTMP) and proteolytic mapping identified the amino acid 153-167 region of integrase as the site of photocrosslinking. Docking of 5N 3 -AZTMP revealed the possibility for strong hydrogen bonds between the inhibitor and lysines 156, 159, and 160 of the enzyme. Mutation of these residues reduced photocrosslinking selectively. This report elucidates the binding site of a nucleotide inhibitor of HIV-1 integrase, and possibly a component of the enzyme polynucleotide binding site.
The HIV type 1 (HIV-1) integrase (IN) is a 32-kDa protein encoded in the 3Ј end of the pol gene of the virus. IN is responsible for the insertion of the viral DNA into host chromosomes and is essential for effective viral replication (1) (2) (3) (4) (5) . During viral infection, IN catalyzes two consecutive reactions. Following reverse transcription, IN first processes the linear viral DNA ends by removing the nucleotides (generally two nucleotides) immediately 3Ј to the conserved CA dinucleotide, leaving recessed 3Ј-OH termini (Fig. 1D ). This reaction is referred to as 3Ј-processing and takes place in the preintegration complexes. After migration of the preintegration complexes into nuclei, integrase catalyzes the 3Ј-endjoining (strand transfer) reaction in which the IN-processed 3Ј ends of the retroviral DNA are joined to the 5Ј-phosphate end of a break made by IN in the target chromosomal DNA. These two steps can be measured with in vitro assays employing purified recombinant HIV-1 IN and a 21-mer duplex oligonucleotide whose sequence corresponds to the U5 region of the HIV-1 long terminal repeat (LTR) (see Fig. 1D ) (refs. 6-9; for review see refs. 1-4, 10, and 11).
HIV-1 IN is an important target for intervention by chemotherapeutics (10, 11) because IN mutants with impaired catalytic activity cannot replicate (1) (2) (3) (4) (5) (12) (13) (14) (15) . To date, several classes of HIV-1 IN inhibitors, including nucleotides, have been reported (for review see refs. 11 and 16). However, there is currently little information on the specific binding sites of these inhibitors to HIV-1 IN. In the absence of an x-ray crystal structure of an HIV-1 IN͞inhibitor complex, several HIV-1 IN mutants have been studied to obtain further information on the mechanism of drug binding (16, 17) . A previous study demonstrated that therapeutic concentrations of the 3Ј-azido-3Ј-deoxythymidine (AZT) metabolite AZT 5Ј-monophosphate (AZTMP) inhibited the enzymatic activities of HIV-1 IN by acting on the enzyme catalytic core (amino acid residues 50-212) and competing with the DNA substrate (18) . A recent study comparing the HIV-1 IN inhibitory potential of other nucleotides further suggested the existence of a specific nucleotide binding site on HIV-1 IN (19, 20) . This possibility was supported by the inhibition of HIV-1 IN by pyridoxal phosphate (19, 21) , a compound that reacts with lysine residues and is known to inhibit DNA polymerases, and by inhibition of HIV-1 IN by coumermycin A1, an ATP binding site inhibitor of DNA gyrase (19) .
In this study, a nucleotide photoaffinity probe was used to investigate the nucleotide binding site of HIV-1 IN (22 were prepared as previously described (25, 26) .
Oligonucleotide Substrates and IN Assays. The HPLCpurified oligonucleotides AE117, 5Ј-ACTGCTAGAGATTT-TCCACAC-3Ј, and AE118, 5Ј-GTGTGGAAAATCTCTAG-CAGT-3Ј, were purchased from Midland Certified Reagent Company (Midland, TX). To analyze the extent of 3Ј-processing and strand transfer with 5Ј-end labeled substrates, AE118 was 5Ј-end labeled by using T4 polynucleotide kinase (GIBCO͞BRL) and [␥-32 P]ATP (DuPont͞NEN). The kinase was heat-inactivated and AE117 was added to the same final concentration. The mixture was heated to 95°C, allowed to cool slowly to room temperature, and run on a G-25 Sephadex Quick Spin column (Boehringer Mannheim) to separate anThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. nealed double-stranded oligonucleotide from unincorporated label.
HIV-1 IN assays were performed essentially as previously described (27) . The sample was then irradiated on ice for 90 s with a hand-held UV lamp (254 nm UVP-11; Ultraviolet Products, San Gabriel, CA) at a distance of 3 cm. The reaction was quenched by addition of an equal volume of 10% trichloroacetic acid. The protein was precipitated by centrifugation at 13,000 ϫ g for 10 min, the supernatant was discarded, and the pellet was resuspended in 20 l of protein solubilizing mix for separation in SDS͞12% polyacrylamide gels (24) . Saturation and inhibition of photoincorporation experiments were done as previously described (23, 24, 28) . Dried gels were exposed for autoradiography for 1-3 days. The comparative intensities of the photoincorporated HIV-1 IN bands on the autoradiographs were determined by laser densitometry (Bio-Rad model GS-670 imaging densitometer).
Photoaffinity Labeling and Enzymatic
When the photolabeled sample was to be prepared for proteolytic mapping, 30-50 l of digestion buffer (50 mM Tris⅐HCl, pH 8.0͞0.1% SDS) was substituted for the solubilizing mix. Proteases were also dissolved in this same buffer. Photolabeled HIV-1 IN was digested with chymotrypsin at a ratio of photolabeled HIV-1 IN to protease of 10:1 (wt͞wt) at various times and at room temperature. For V8 protease and endoproteinase AspN, 7 units or 0.15 mg, respectively, was added and samples were digested at 37°C.
Separation of Peptide Fragments by Tricine͞SDS͞PAGE. Photolabeled HIV-1 IN peptides were separated on precast Tricine͞SDS͞10-20% polyacrylamide gels (Novex), stained with Coomassie blue, destained, and dried by using a cellulose drying kit from Promega (29) . Dried gels were exposed for autoradiography for 1-3 days. The molecular masses of peptides were determined in reference to the low molecular weight markers (Mark 12, Novex) and mapped to the predicted molecular mass of proteolytic HIV-1 IN peptides as determined by using a Wisconsin Package program (Genetics Computer Group, Madison, Wisconsin).
Site-Directed Mutagenesis. Site-directed mutagenesis was performed on the pINSD plasmid (a gift from R. Craigie, National Institutes of Health) containing the sequence coding for full-length HIV-1 IN, by using the Quikchange sitedirected mutagenesis kit (Stratagene) according to the manufacturer's instructions. Codons for lysines 156 and 159 were mutated to arginines by using the following oligonucleotides. K156R: sense, GGA GTA ATA GAA TCT ATG AAT AGA GAA TTA AAG AAA ATT ATA GG; antisense, CC TAT AAT TTT CTT TAA TTC TCT ATT CAT AGA T TC TAT TAC TCC. K159R: sense, GAA TCT ATG AAT AAA GAA TTA AGG AAG ATT ATA GGA CAG G; antisense, C CTG TCC TAT AAT CTT CCT TAA TTC TTT ATT CAT AGA TTC. The codon for arginine-166 was mutated to threonine by using the following oligonucleotides: sense, GGA CAG GTA ACA GAT CAG GCT G; antisense, C AGC CTG ATC TGT TAC CTG TCC. The substituted nucleotide is shown in boldface and the mutated codon is underlined. After transformation, the DNA was isolated from single colonies arising from each mutagenesis reaction and was sequenced with an automated sequencer. Plasmid DNA that included the desired mutations was then introduced into BL21 (DE3) competent Escherichia coli by transformation (Novagen).
Molecular Modeling and Docking. The coordinates of heavy atoms of HIV-1 IN 50 -212 were downloaded from the Protein Data Bank. Then hydrogen atoms that are not in the x-ray crystal structure were reconstructed and the resulting structure was fully minimized by using CHARMm. On the basis of the x-ray crystal structure of AZT (30), the 5N 3 -AZTMP structure was built by using the 3D editor in QUANTA 4.0. The partial 3 -AZTMP in the region encompassing residues 153-167) was first heated from 0 to 300K within 5 ps. The system was then equilibrated for 20 ps and a 150-ps simulation was performed. Snapshots were taken at 0.1-ps intervals during the simulation period and analyzed to extract information concerning the motion of ligand in the protein and the binding interactions between the two. The electrostatic forces were calculated by using the force switch method and a switching range of 8-12 Å. The van der Waals forces were treated with the shift method with a cutoff of 12 Å. Nonbonded lists were kept to 14 Å and updated heuristically. The dynamics simulation was propagated with a Verlet algorithm using a time step of 1 fs and was conducted in a layer of water 10 Å wide around the surface of HIV-1 IN catalytic core domain. Water was represented with a TIP3P model.
RESULTS AND DISCUSSION
Photoaffinity Labeling of HIV-1 IN. To determine the AZTMP binding site on the enzyme, a photoaffinity analog of AZTMP, 5N 3 -AZTMP (Fig. 1 A) (24) , was used to label purified recombinant wild-type HIV-1 IN. As shown in the autoradiograph in Fig. 1B, increasing (18, 19) . Cumulatively, the photolabeling saturation and inhibition studies suggested that 5N 3 -AZTMP binds to an AZTMP-specific site.
Binding of 5N 3 -AZTMP to HIV-1 IN would be expected to inhibit enzyme activity, because AZTMP inhibits HIV-1 IN (18). was digested with proteases and the resulting peptides were separated on Tricine͞SDS͞10-20% polyacrylamide gels. Peptide markers of known mass were used to generate a standard curve for size determination of photolabeled peptides (Fig. 2) . The known primary amino acid sequence of HIV-1 IN was used to predict molecular masses of peptides after digestion with endoproteinase AspN (endo-AspN), chymotrypsin, or endoproteinase Glu-C (V8 protease) (Fig. 2B) . Digestion with endo-AspN proved to be the most informative because of the small number of peptides generated (Fig. 2 A) . Photolabeled peptides of 6.0, 9.9, and 15.5 kDa were generated, with the 9.9-kDa peptide being the predominant labeled fragment. The logic for identifying the crosslinked endo-AspN peptide was as follows (24): The smallest photolabeled peptide, 6.0 kDa, was compared with the possible endo-AspN peptides shown in Fig.  2B . Two peptides comprising residues 65-116 and 117-167 were candidates. To distinguish between these two, adjacent peptides were added to derive possible peptide combinations. The only combination of peptides that could generate the observed pattern would be if the 117-167 peptide was photolabeled; addition of the 3.9-kDa 168-202 peptide would make a 9.8-kDa fragment (amino acids 117-202), and addition of the 65-116 peptide would yield a 15.7-kDa fragment (amino acids 65-202). If the 65-116 peptide had been the site of photocrosslinking, a predicted pattern of peptides of approximately 6, 7, 12, and 16 kDa would have been generated.
To confirm that the site of [ 32 P]5N 3 -AZTMP photocrosslinking was within the 117-167 peptide, the complex was digested with chymotrypsin or V8 protease (Fig. 2 A) . For chymotrypsin, a major photolabeled peptide of 6.0 kDa was generated. Within the 117-167 region, amino acids 133-185 or 140-194 could account for a peptide of this size. V8 protease generated a major photolabeled peptide of 4.9 kDa, plus 3 kDa) . Double protease digestions were also done with endo-AspN for 30 min, followed by addition of either chymotrypsin or V8 protease for another 30 min (Fig. 2 A) . The AspN͞chymotrypsin pattern was similar to that with chymotrypsin alone, except for two additional peptide bands at 3.0 and 7.0 kDa. These additional bands are consistent with internal cleavage of the major 10-kDa photolabeled AspN peptide (residues 117-202) to generate 2.9-kDa (residues 140-167) and 7.0-kDa (residues 140-202) hybrid AspN͞chymotrypsin peptides. For AspN͞V8, the V8 pattern predominated but an additional, faint, 3.2-kDa photolabeled peptide was apparent. This peptide would be consistent with a hybrid AspN͞V8 peptide comprising amino acids 139-167 (3.2 kDa). For each protease digest presented, longer digestion times of up to 18 hr did not result in detectable Proc. Natl. Acad. Sci. USA 95 (1998) peptides of lower molecular masses. On the basis of the reproducibility of gel separations, we estimate that the detection error is approximately Ϯ0.5 mm migration, which translates to a Ϯ0.2 kDa variability in the determined peptide masses for peptides less than 6 kDa. Photolabeled peptides below the molecular mass of 2.3 kDa migrate off the gel and are not detectable by the mapping procedure. Cumulatively, the peptide digestion data indicate that AspN cleavage results in a [ 32 P]5N 3 -AZTMP photolabeled peptide encompassing residues 117-167. Digestions with chymotrypsin and V8 protease narrow this region to residues 140-181 and 153-198, respectively. Combination digestions indicated residues 139-167 or 140-167. After consolidation of the overlapping fragments, these complementary digestion patterns thus indicate that the crosslinking site is located among amino acids 153-167 (Fig. 2C) (31) . After minimization, a 150-ps molecular dynamics simulation was conducted (Fig. 3) . Residues K156, K159, and K160 appeared the most important for binding of 5N 3 -AZTMP to HIV-1 IN. The total hydrogen bond energy contributed by lysines 156, 159, and 160 was Ϫ7.16 kcal͞mol, and the highest hydrogen bond energy was for lysine-156 (Ϫ2.86 kcal͞mol). These results suggested that these three lysine residues (156, 159, and 160) are critical for nucleotide binding.
The 153-167 peptide comprises primarily the fourth ␣-helical domain of HIV- 1 IN (31, 32) . Fig. 3B demonstrates that this domain is not part of the dimer interface, nor does it include the highly conserved catalytic core motif residues Asp-64, Asp-116, or Glu-152 that constitute the canonical DD(35)E motif of retroviral integrases (1) (2) (3) (4) (5) . The clustered lysine residues 156, 159, and 160 near the active site of HIV-1 IN were predicted to be important for DNA binding (33, 34) , and lysines 156 and 159 are essential for IN function (34) . A study using systematic alanine substitutions for charged cluster groupings of HIV-1 IN also demonstrated the functional importance of the HIV-1 IN 153-167 region (35) . The Arg-166 to alanine mutation alone or paired with Asp-167 resulted in replication-defective virus, whereas the 159͞160 alanine mutations yielded viruses with greatly impaired integration frequency (35) .
Role of Lysines 156, 159, and 160 of HIV-1 IN in Drug Binding. To provide direct evidence that lysines 156, 159, and 160 are involved in the binding of the AZT monophosphate analog, lysines 156 and 159 were conservatively replaced by arginines by using site-directed mutagenesis of the IN expression vector, and photocrosslinking was carried out with [ 32 P]5N 3 -AZTMP. Fig. 4 demonstrates that substitution of arginine for lysine-156 practically abolished photocrosslinking of [ 32 P]5N 3 -AZTMP, whereas substitution for lysine-159 reduced binding significantly. In contrast, substitution for arginine-166, which, according to our docking analysis, should not exhibit any interaction with [ 32 P]5N 3 -AZTMP, did not affect HIV-1 IN binding. Thus, our mutational analysis suggests that although lysine-159, and possibly lysine-160, contributes to the binding of the AZT monophosphate analog, lysine-156 is critical for binding.
In summary, the cumulative data from the enzymatic, photoaffinity mapping, structural, and mutation studies iden- (34) . The apparent discrepancy could be because of differences in DNA substrates, photoaffinity probes, and experimental conditions. For example, Heuer and Brown (36) used a branched oligonucleotide disintegration substrate. Their azidophenacyl-derivatized photoprobes had a large diameter and could potentially bind at various sites. Also, the contribution of a racemic mixture of phosphorothioate stereoisomers used to attach the photoprobes might contribute to crosslinking at different sites (36) show no role for Lys-160 in substrate binding, whereas we find that this residue is important for the binding of 5N 3 -AZTMP to the enzyme. Thus, the binding of 5N 3 -AZTMP to Lys-156, Lys-159, and Lys-160 places 5N 3 -AZTMP in the DNA binding site, where it can act as a competitor. Together, these observations indicate that, in addition to the catalytically important DD(35)E motif, the HIV-1 catalytic core domain appears to contain regions that contact the DNA substrate directly. The structure presented here might offer opportunities for designing novel HIV-1 IN inhibitors for the treatment of AIDS. As has been successfully done with HIV protease inhibitors, using the data obtained with 5N 3 
